The peculiar swelling behaviour of PNIPAM-based responsive microgels provides the possibility to tune both softness and volume fraction with temperature, making these systems of great interest for technological applications and theoretical implications. Their intriguing phase diagram can be even more complex if poly(acrylic acid) (PAAc) is interpenetrated within PNIPAM network to form Interpenetrated Polymer Network (IPN) microgels that exhibit an additional pH-sensitivity. The effect of the PAAc/PNIPAM polymeric ratio on both swelling capability and dynamics is still matter of investigation. Here we report the behaviour of IPN microgels across the volume phase transition through dynamic light scattering, electrophoretic measurements and transmission electron microscopy as a function of microgel concentration and PAAc content. Our results highlight that aggregation is favored at increasing concentration, PAAc content and pH and that a crossover PAAc content C * PAAc exists above which the ionic charges on the microgel cannot be neglected. In this PAAc region the experimental radius is well described by a Flory-Rehner model including an ionic contribution. Finally the softness of IPN microgels can be experimentally tuned by changing the PAAc/PNIPAM ratio.
Introduction
Responsive microgels are nanometre-or micrometre-sized hydrogel particles dispersed in aqueous suspensions [1] [2] [3] , able to swell and retain large amount of water in response to slight changes in the environmental stimuli. The high responsiveness of this novel class of smart materials makes responsive microgels attractive for their technological applications [4] [5] [6] [7] [8] [9] and excellent model systems for exploring the complex behaviours emerging in soft colloids as a result of the particle softness [10] [11] [12] [13] [14] [15] [16] [17] [18] . They allow to tune the interparticle potential and their effective volume fraction through easily accessible control parameters such as temperature, pH or solvent, and to explore novel phase-behaviours [2, 3, [19] [20] [21] , drastically different from those of conventional hard colloidal systems [13] [14] [15] [16] [17] [18] [22] [23] [24] [25] .
The deep investigation of the last years has shown how responsive microgels based on poly(N-isopropylacrylamide) (PNIPAM) undergo a reversible Volume Phase Transition (VPT) at about 305 K that drives the system from a swollen hydrated state to a shrunken dehydrated one, as a consequence of the coil-to-globule transition of NIPAM chains [26] .
It has been shown that the driving force for swelling can be estimated from the properties of linear PNIPAM solutions, while the microgel elasticity opposing swelling is mainly due to the network topology dependent on the cross-linker concentration [27] [28] [29] . Therefore among soft colloids, these responsive microgels became very popular in the last years since their typical swelling behaviour affects interactions between particles and provides good tunability of both softness and volume fraction with temperature [1-3, 19, 30] .
The typical swelling/shrinking behaviour of any PNIPAM-based microgel leads to exotic and intriguing phase diagrams which may be even more complex if more polymers, sensitive to different external stimuli, are copolymerized or interpenetrated to obtain multiresponsive microgels. In particular PNIPAM microgels containing poly(acrilic acid) (PAAc), have an additional pH-sensitivity that controls mutual polymer/polymer and polymer/solvent interactions. However the synthesis procedure is crucial, since the response of PNIPAM/PAAc microgels strictly depends on the mutual interference between PNIPAM and PAAc [31] [32] [33] [34] [35] [36] [37] [38] .
Interpenetration of the hydrophilic PAAc and the homopolymeric PNIPAM networks (IPN PNIPAM-PAAc microgel) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , provides independent sensitivity to temperature and pH, retaining the same Volume Phase Transition Temperature (VPTT) of pure PNIPAM microgel and allowing to make the two networks more or less dependent by changing pH.
Interestingly, IPN microgels allow to control their elastic properties by changing the solution pH, the polymeric ratio PNIPAM/PAAc and the cross-linking degree of any polymeric network. Indeed, their swelling behaviour is highly influenced by the effective charge density, which in PNIPAM-PAAc IPN microgels can be experimentally controlled by the content of AAc monomers [26, 39] . However the spatial distribution of the overall charge in IPN microgels is still matter of investigation. It is expected to be mainly localized on the microgel surface and to increase upon shrinking [49] [50] [51] , due to microgel-ion excluded volume repulsion and to electrostatic repulsion between counterions inside the particle. At variance with previous studies [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , this work is focused on higher concentrated samples where the aggregation processes drive IPN microgels toward an arrested state due to the interplay between attractive and repulsive interactions triggered by changing pH and PAAc content. Notwithstanding the IPN microgel potentialities, knowledge of their behaviour from a fundamental point of view is still very limited, while many theoretical and experimental investigations on copolymerised microgels are present [32, 35, 52] .
Experimental Methods

Sample preparation
Materials N-isopropylacrylamide (NIPAM) (Sigma-Aldrich) and N,N'-methylene-bis-acrylamide (BIS) (Eastman Kodak) were purified by recrystallization from hexane and methanol, respectively, dried under reduced pressure (0.01 mmHg) at room temperature and stored at 253 K. Acrylic acid (AAc) (Sigma-Aldrich) was purified by distillation (40 mmHg, 337 K) under nitrogen atmosphere on hydroquinone and stored at 253 K. Sodium dodecyl sulfate (SDS), purity 98 %, potassium persulfate (KPS), purity 98 %, ammonium persulfate (APS), purity 98 %, N,N,N',N'-tetramethylethylenediamine (TEMED), purity 99 %, ethylenediaminetetraacetic acid (EDTA), and NaHCO 3 (Sigma-Aldrich) were used as received. Ultrapure water (resistivity: 18.2 MΩ/cm at 298 K) was obtained with Millipore Direct-Q ® 3 UV purification system. All other solvents (Sigma Aldrich RP grade) were used as received. Dialysis tubing cellulose membrane (Sigma-Aldrich), cut-off 14,000 Da, was washed in running distilled water for 3 h, treated at 343 K into a solution at 3.0 % weight concentration of NaHCO 3 and 0.4 % of EDTA for 10 min, rinsed in distilled water at 343 K for 10 min and finally in fresh distilled water at room temperature for 2 h.
Synthesis of PNIPAM and IPN microgels PNIPAM microgels were synthesized by precipitation polymerization with (24.162 ± 0.001) g of NIPAM, (0.4480 ± 0.0001) g of BIS and (3.5190 ± 0.0001) g of SDS, solubilized in 1560 mL of ultrapure water and transferred into a 2000 mL four-necked jacked reactor equipped with condenser and mechanical stirrer. The solution was deoxygenated by bubbling nitrogen for 1 h and heated at (343 ± 1) K. (1.0376 ± 0.0001) g of KPS (dissolved in 20 mL of deoxygenated water) was added to initiate the polymerization and the reaction was allowed to proceed for 16 h. The resultant PNIPAM microgel was purified by dialysis against distilled water with frequent water change for 2 weeks. In the second step IPN microgels were synthesized by a sequential free radical polymerization method [40] [53] . In the following we will refer to the weight content (%) of the PAAc network within each IPN microgel as C PAAc . These concentrations accounting for the acrylic acid and the BIS repeating units for the three samples are: C PAAc = 4%, C PAAc = 9%, C PAAc = 23%. Their polydispersity is found around 10-15% for PNIPAM and 15-20% for IPN microgels. Sam-ples at different weight concentrations (%), in the following referred as C w , were obtained by diluting in H 2 O the sample at 1% wt concentration. Samples at pH 3.5 and pH 7.5 were obtained by the addition of HCl or NaOH, respectively, to the samples at pH 5.5 obtained from the synthesis.
Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) characterization was employed to study PNIPAM and IPN microgels morphology. All the samples for TEM measurements have been prepared by deposition at room temperature of 20 µL of microgel suspensions diluted up to C w =0.1 % in MilliQ water, on a 300-mesh copper grid for electron microscopy covered by thin amorphous carbon film. Immediately after deposition, the excess of liquid was removed by touching the grid with a piece of filter paper. Samples were dried for 5 minutes before staining by addition of 10 µL of 2 % aqueous phosphotungstic acid (PTA)(pH-adjusted to 7.3 using 1 M NaOH). Measurements were carried out by using a FEI TECNAI 12 G2 Twin (FEI Company, Hillsboro, OR, USA), operating at 120 kV and equipped with an electron energy filter (Gatan image filter) and a slow-scan charge-coupled device camera (Gatan multiscan). Statistical analysis of TEM images to determine the average diameter and particle size distribution were performed by Image J software by measuring the cross-sectional area of the particles and convert them to an equivalent spherical diameter. A minimum of 100 particles collected on different captured images with the same magnification has been considered. The average size has been determined by considering the mean value obtained by a gaussian fit on the particle size distribution, the reported error being the statistical error of the mean.
Dynamic Light Scattering
Dynamic Light Scattering (DLS) measurements have been performed using an optical setup based on a monochromatic and polarized beam emitted from a solid state laser (100 mW at λ =642 nm) and focused on the sample in a cylindrical VAT for index matching and temperature control. The scattered intensity is collected by a single mode optical fiber at the scattering angle θ =90°corresponding to a scattering vector Q=0.018 nm −1 , according to the relation Q=(4πn/λ ) sin(θ /2). In this way the normalized intensity autocorrelation As commonly known, the intensity correlation function of most colloidal systems is well described by the Kohlrausch-Williams-Watts expression [54, 55] :
where b is the coherence factor, τ is an "effective" relaxation time and β describes the deviation from the simple exponential decay (β = 1) usually found in monodisperse systems. Indeed the distribution of the relaxation times present in disordered materials lead to a stretching of the correlation functions (usually referred to as "stretched behaviour") char-acterized by an exponent β < 1 which can be related to the distribution of the relaxation times due to the polydispersity of the samples.
In the case of Brownian diffusion the relaxation time scales with the translational diffusion coefficient D t through the relation τ = 1/(Q 2 D t ) and in the limit of non interacting spherical particles the hydrodynamic radius is given by the Stokes-Einstein's relation.
where η is the sample viscosity, T is the sample temperature and k B is the Boltzmann constant. In this work the hydrodynamic radii have been calculated obtained at low weight concentration (C w = 0.1 %) by using the solvent viscosity, since samples are in the high dilution limit.
Electrophoretic Measurements
Electrophoretic mobility of microgel suspensions was measured by means of a MALVERN
NanoZetasizer apparatus equipped with a 5 mW HeNe laser (Malvern Instruments LTD, UK). This instrument employs traditional Laser Doppler Velocimetry (LDV) implemented
with Phase Analysis Light Scattering (PALS) for a more sensitive detection of the Doppler shift [56] . LVD measurements are performed using the patented "'mixed mode"' measurement M3 where both a fast field (FF) and a slow field (SF) are applied. In FFR the field is reversed 25-50 times per second, thus making electro-osmosis insignificant and providing accurate mean mobility value. The SFR contributes extra resolution for a better distribution analysis [57, 58] .
The frequency shift ∆ν due to the mobility µ of the scattered particles under the action of the applied field E is measured by comparing the phase Φ of the scattered signal to that of a reference one, since Φ = ν· time. The mobility µ = V /E is then calculated from the relation ∆ν = 2V sin(θ /2)/λ ) with V the particle velocity, θ the scattering angle and λ the laser wavelength. By a preliminary conductivity measurement, the instrument establishes a suitable electric field for a good mobility detection.
Both PNIPAM and IPN samples at the different PAAc contents have been measured at C w =0.05 % and pH around 5.5. Measurements have been performed by using the 
Particle size distributions calculated on several collected TEM images for PNIPAM (e) and IPN microgels at three PAAc surrounded by a loose shell which is more permeable to PTA molecules both for PNIPAM and IPN microgels, probably due to less cross-linked chains with more dangling ends, as reported in different studies for PNIPAM-based microgels [59] [60] [61] [62] [63] Statistical analysis performed on TEM images is reported in panels e-f-g-h, for PNIPAM and IPN microgels with C PAAc =4 %, C PAAc =9 % and C PAAc =23 %, respectively. By a gaussian fit on the whole particle distribution, the mean diameter of (36 ± 8) nm for PNIPAM, (42 ± 5) nm for IPN with C PAAc =4 %, (39 ± 8) nm for IPN with C PAAc =9 % and (57 ± 16) nm for IPN with C PAAc =23 % are obtained.
The slight broadening of the particle distribution could be connected to flattening and deformation of samples on the support, as often occurs for soft materials, or to the intrinsic polydispersity of the samples which is required to avoid crystallization.
Temperature behaviour
The role played by the poly(acrylic acid) on the dynamics of aqueous suspensions of IPN microgels, has been investigated by looking at the temperature behaviour of the relaxation time at three different PAAc contents (C PAAc =4 %; C PAAc =9 %; C PAAc =23 %) as obtained by fitting the intensity autocorrelation function with Eq.(1) at pH 5.5 and compared to pure PNIPAM microgels at fixed weight concentration (C w =0.1 % and C w =0.8 %), as reported in Fig.3 .
In the low weight concentration range ( Fig.3(a) ) the well known dynamical transition associated to the VPT is evidenced for both PNIPAM and IPN microgels [45, 47] : as temperature increases the relaxation time τ slightly decreases up to the transition temperature;
above 305 K, indeed, τ(T ) decreases to its lowest value, corresponding to the shrunken state. As the weight concentration increases a more complex scenario shows up (Fig.3(b) ).
The temperature behaviour of relaxation time of IPN microgel above the VPTT is affected by PAAc content: while at low PAAc content it resembles that of pure PNIPAM, at higher and higher PAAc content it suddenly increases with temperature indicating the formation of aggregates. In fact in the shrunken state the collapse of NIPAM networks is supposed to favor the exposure of PAAc chains and inter-particle interactions due to both like-charge attraction [64] [65] [66] and H-bondings. Since the microgel charge increases with pH, due to the progressive deprotonation of the ionizable groups, and to understand the mutual interplay between like-charge attraction and H-bond, we performed measurements at three different pH. The temperature behaviour of the relaxation time for IPN microgels at C PAAc =23 %, C w =0.8 % and at pH 3.5, pH 5.5 and pH 7.5 is reported in Fig. 4 . At pH 7. T(K) Figure 4 Temperature behaviour of the relaxation time for IPN microgels at high weight concentration C w =0.8 % and high PAAc content (C PAAc =23 %), at pH 3.5, pH 5.5 and pH 7.5. Solid lines are guides to eyes.
by the temperature behaviour of the stretching parameter, reported in the insets of Fig.3: as the PAAc content increases the β parameter decreases, corresponding to more stretched correlation curves (see also Fig.1 ) and therefore to higher polydisperse samples. Moreover at higher C w (Fig.3(b) ) the stretching parameter is lower than in the dilute regime ( Fig.3(a) ) and, across the VPTT, increases for all PAAc contents indicating lower polydispersity after the collapse.
These results immediately suggest that the typical swelling is highly affected by the acrylic acid content, as well summarized by the temperature behaviour of the hydrodynamic radii of IPN and pure PNIPAM microgels, obtained at low weight concentration (C w = 0.1 %) according to the Stokes-Einstein's relation for Brownian particles (Eq. (2)) and reported in Fig.5 
where φ 0 is the polymer volume fraction in the reference state, typically taken as the shrunken one, φ is the polymer volume fraction within the particle, which for isotropic swelling is related to the hydrodynamic radius through the relation
R ) 3 (with R 0 the hydrodynamic radius in the shrunken state) [47, 69] , N is the number of the lattice sites occupied by a polymer chain between two cross-links and χ is the Flory polymersolvent interaction parameter, which has to be interpreted as an effective mean parameter accounting for for polymer/solvent interactions, polymer/polymer interactions within each network and polymer/polymer interactions between different networks. It can be written as a power series expansion
.1 ± 0.9 0.70 ± 0.02 307.0 ± 0.5 115 ± 11 -IPN 4% -10.04 ± 0.9 0.62 ±0.02 306.5 ± 0.5 126 ± 11 -IPN 9% -9.8 ± 0.8 0.74 ± 0.02 306.5 ± 0.5 145 ± 12 -IPN 23% -2.1 ± 0.1 0.79 ± 0.02 305.5 ± 0.4 151 ± 9 2.7 ± 0.1 Table 1 Values of the parameter A, the polymer volume fraction in the reference state φ 0 , the Flory temperature θ , the number of the lattice sites occupied by a polymer chain between two crosslinks N and the the number of counterions per polymer chain f , as obtained from the best fit of the temperature behaviours of the hydrodynamic radii with Eq. (3) or Eq. (5) depending on the sample.
where χ 1 is the Flory parameter, defined as χ 1 = (3)). It is well known that for pure PNIPAM microgels the second-order approximation of Eq.(4) well describes the VPT [47, 69, 70] . However for IPN microgels a careful choice of the order approximation of χ(φ ) depending on pH is required [47, 48] . At pH 5.5 the best fit for our experimental data at low (4 %) and intermediate (9 %) PAAc contents is obtained via a second-order approximation of Eq.(4), as for pure PNIPAM microgels, in agreement with previous results on similar samples [47] . For ionic microgels additional contributions arising from the screened repulsion between polymer chains and from the osmotic pressure due to counterions confined inside the network, show up. However for charge density smaller than the value at which counterion condensation may take place the first of the two effects can be neglected [71] . Therefore at high PAAc content (23 %) an additional contribution π i to the osmotic pressure has to be taken into account. At the equilibrium condition the total osmotic pressure is π = π m + π e + π i =0 and the equation of state (Eq.(3)) becomes:
where f is the number of counterions per polymer chain, which is found to increase with the PAAc content. The best fits through the Flory-Rehner theory are reported in Fig.5 as solid lines and fit parameters are collected in Table1.
To understand the role played by the charge density, we have performed electrophoretic measurements on PNIPAM and IPN microgels as a function of temperature (Fig.6 ). The mobility behaviour µ is affected by the volume phase transition and decreases as the suspension crosses the VPTT.
For both PNIPAM and IPN microgels a sharp drop is observed around 308 K, as determined by a sigmoidal fit through the Boltzmann equation
The resulting fit parameters are reported in Table 2 . For pure PNIPAM microgels the very low mobility below the VPTT reflects the low charge density of the particles, whereas above the VPTT it increases toward more negative values. It is in fact not surprising that a negative charge appears, as a result of the huge size reduction, for particles obtained with the ionic initiator KPS. Considering that the negative electrical charges brought by the anionic sulfate groups are covalently bonded, the total charge per particle is constant and the charge density increases upon shrinking [51, 72] . For IPN microgels a more complex scenario shows up since additional charged groups, belonging to AAc moieties, are present. However a similar mechanism still holds the temperature behaviour of the electrophoretic mobility. For both PNIPAM and IPN microgels a sharp drop is observed around 308 K, as determined by a sigmoidal fit through the Boltzmann equation
The resulting fit parameters are reported in Ta-
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. ble 2. For pure PNIPAM microgels the very low mobility below the VPTT reflects the low charge density of the particles, whereas above the VPTT it increases toward more negative values. It is in fact not surprising that a negative charge appears, as a result of the huge size reduction, for particles obtained with the ionic initiator KPS. Considering that the negative electrical charges brought by the anionic sulfate groups are covalently bonded, the total charge per particle is constant and the charge density increases upon shrinking [51, 72] . For IPN microgels a more complex scenario shows up since additional charged groups, belonging to AAc moieties, are present. However a similar mechanism still holds the temperature behaviour of the electrophoretic mobility.
Moreover the electrokinetic transition temperature (ETT) is higher than the VPTT in agreement with previous results on PNIPAM-based microgels [51, 72, 73] , showing that the electrophoretic transition is strictly related to the swelling behaviour and that its shift forward is related to a core-shell collapse mechanism. Within this model, the difference between ETT and VPTT has to be attributed to the confinement of the majority of the effec- effective charge density on the microgel surfaces through the amount of poly(acrylic acid) interpenetrated within the PNIPAM network. However a precise evaluation of the number of effective charges stemming from PNIPAM compared to those from PAAc is a complex task and requires a detailed investigation of the electrokinetic behaviour at different pH and salt content. On the other hand, high electrophoretic mobility indicates low frictional resistance to the electroosmotic flow, that is a typical behaviour of electrophoretically soft particles with highly hydrated or weakly charged shells [73] . In the case of IPN microgels the observed behaviour of mobility with PAAc content indicates significant morphological differences between their soft shells, confirming that the softness of IPN particles can be tuned by PAAc content.
Dependence on PAAc content
To pinpoint the dynamical changes related to the interpenetration of the poly(acrylic acid)
within the PNIPAM network, we consider the behaviour of the relaxation time τ (Fig.7(a) ), of the stretching parameter β (Fig.7(b) ) and of the electrophoretic mobility µ (Fig.7(c)) as a function of PAAc content and at fixed temperature below the VPTT. Our data exhibit a dramatic jump in a range of PAAc contents between C PAAc =4 % and C PAAc =9 % that highlight a cross-over between two different behaviours. A sigmoidal fit of the data suggests that a critical value of PAAc content has to be expected around C * PAAc ≈ 6 %: below this C * PAAc the IPN microgel behaves very similarly to pure PNIPAM microgel, indicating that the charges influence is negligible, while above C * PAAc the effect of the PAAc, and therefore of the charge density, becomes relevant leading a slowing down of the dynamics (increase of the relaxation time), an enhancement of the polydispersity (decrease of the stretching parameter) and more negative values of mobility (increase of the overall charge density).
A similar transition is observed in the microgel hydrodynamic radius R H in the shrunken state (as obtained through DLS measurements) shown in Fig.8(a) . The increase of R H with PAAc content can be explained considering that the structure of IPN microgels is characterized by a highly dense core of interpenetrated PNIPAM and PAAc networks surrounded by a low density shell mainly populated by PAAc chains that increases in size as the PAAc content increases. The behaviour is also confirmed by the PAAc content dependence of the swelling ratio defined as:
where R swollen H and R shrunken H are R(T = 297) K and R(T = 311) K, respectively. In Fig.8(b) a clear decrease of α with increasing acrylic acid content is observed, indicating that the swelling capability of the IPN microgels can be progressively reduced by increasing the PAAc amount interpenetrated within the PNIPAM network and thus leading to a decreases of particle softness with increasing topological constraints due to the interpenetration of the two networks.
Conclusions
Aqueous suspensions of IPN and PNIPAM microgels have been investigated through Transmission Electron Microscopy, Dynamic Light Scattering and Electrophoretic Mobility, as a function of temperature and PAAc/PNIPAM polymeric ratio. A crossover PAAc content C * PAAc that signs the existence of two different regions has been identified: below C * PAAc IPN microgels behave very similarly to pure PNIPAM, while above C * PAAc they significantly differ, indicating a stronger influence of the extent of ionic charges on the microgels, as well as of the H-bondings between carboxylic groups of the PAAc chains. This is reflected in the relaxation time and the stretching parameter showing the evidence of an aggregation process that can be explained in terms of the attractive interactions between protonated and deprotonated COOH groups belonging to different particles and expected to increase above the VPTT due to the NIPAM chains collapse. By increasing the PAAc content this attractive contribution is enhanced since the effective charge density increases, as confirmed by the electrophoretic mobility at different poly(acrylic acid) contents. The influence of the extent of ionic charges is also confirmed by the comparison between experimental data and theoretical models from the Flory-Rehner theory: while the volume phase transition of PNIPAM and IPN microgels at low PAAc content is well described by the second order approximation of the Flory parameter χ(φ ), by increasing the PAAc content the model has to be extended by considering the ionic contribution due to the screened repulsion between polymer chains and from the osmotic pressure due to the counterions confined inside the network. The behaviour of the hydrodynamic radius shows that particles with low PAAc content are more soft and deformable, suggesting that the swelling capability can be experimentally controlled by changing the PAAc/PNIPAM polymeric ratio and stiffer particles can be obtained by increasing the amount of PAAc chains interpenetrated within the PNIPAM network.
